Odorant receptors detect a vast diversity of chemical compounds and underlie many aspects of life. The structure of insect odorant receptors, however, has remained unknown. A cryo-EM study now reveals an intriguing architecture.
Twenty years have elapsed since the first insect odorant receptors were identified [1, 2] . Odorant receptors may be the largest family of ion channels in the animal kingdom: an enormous number of insect species have them, each species has many of them, and their sequences are highly divergent. The odorant receptors detect and discriminate among innumerable chemical cues in an insect's environment. We have learned much about odorant receptor expression and function, and how the signals they produce are transformed through several layers of neural circuitry to drive olfactory behavior [3] . Yet, their molecular structure has been unknown -until a new study by Joel Butterwick and colleagues [4] . Insect odor receptors were originally presumed to be G protein coupled receptors (GPCRs), by analogy to those of mammals and nematodes, and when isolated, they contained seven transmembrane domains, like GPCRs. However, the sequences of odorant receptors showed no similarity whatsoever to those of GPCRs. Moreover, odorant receptors were then found to have a topology -with the amino terminus facing inside the cell and the carboxyl terminus outside (N in -C out )that is opposite to that of GPCRs [5, 6] , raising eyebrows in the field. Next, physiological studies revealed that odorant receptors could function as odorant-gated ion channels [7, 8] . This succession of findings piqued increasing curiosity about their structure. Many studies have sought to illuminate the structure of odorant receptors by evolutionary analysis of their primary sequences, or by mutational analysis [9] . What has been severely needed, however, was a direct determination of their molecular structure -a daunting challenge. Butterwick and colleagues [4] have now used cryo-EM to supply the first structure, at 3.5 Å resolution, a landmark accomplishment in the field.
The structure that has been solved is actually that of a tetramer of a co-receptor called Orco (Odorant receptor co-receptor) [5, 10, 11] . Orco is closely related to odorant receptors and was in fact for many years called Or83b. However, Orco is distinct from canonical odorant receptors in several ways. Most olfactory receptor neurons (ORNs) coexpress one member of the odorant receptor family together with Orco. Orco is essential for membrane trafficking and function of odorant receptors. Whereas canonical odorant receptors are highly divergent in sequence both within and across species, Orco is relatively conserved across insect orders [12] .
Butterwick et al. screened Orco orthologs from various insects and identified one from the parasitic fig wasp Apocrypta bakeri by virtue of its ability to form stable higher-order complexes. This Orco acted as a functional cation channel in HEK293 cells. Monoclonal antibodies were raised against it and the antigenbinding fragments (Fabs) were used to aid in structural analysis.
Cryo-EM analysis revealed an intriguing tetrameric structure. From the outside of the cell, the Orco tetramer looks like a pinwheel, arranged around a central pore ( Figure 1A ). Small intracellular domains extend into the cytoplasm and are called anchor domains; these account for most of the inter-subunit interactions ( Figure 1B) . Each of the four subunits has seven helical transmembrane segments, with an overall N in -C out topology, confirming earlier studies [5, 6] . Of the seven transmembrane segments (S1-S7), S7 is nearest to the central four-fold axis and contributes most if not all of the residues of the pore. S1-S6 spread out to create a pocket in the extracellular surface that is 10 Å deep and 20 Å across -a likely site for ligands that gate the channel ( Figure 1A) .
The channel pore is most narrow near the extracellular side ( Figure 1C) , where it is constricted by two hydrophobic and highly conserved amino acids (Leu473 and Val469). The diameter of the channel at this position is only 2 Å , which is too narrow for hydrated ions to flow through, indicating that the structure is likely to represent the closed state of the channel. It is possible that in the open state, ions may pass through a continuous channel along the central axis of the tetramer into the cytoplasm, but the structure also reveals an intriguing alternative possibility. The external pore diverges into four lateral conduits at the junctions of the subunits through which ions could pass ( Figure 1C ). Thus, ions could enter through a single pore at the extracellular surface and then move through any of four symmetric passageways into the cytoplasm -a curious and somehow aesthetically appealing architecture. 
Dispatches
Most of the conserved amino acid residues in Orco either line the pore or reside in the anchor domain, which is likely to mediate subunit interactions. Canonical odorant receptors are highly divergent in sequence, but the distribution of conserved residues resembles that found among Orcos of different species. This resemblance, along with other evidence, supports a model in which the structure of a canonical odorant receptor is similar to that of Orco. Butterwick and colleagues [4] reasonably propose that a native olfactory receptor in an individual olfactory sensor neuron is a tetrameric complex of Orco and a canonical odorant receptor, likely consisting of two molecules of Orco and two of the odorant receptor that the cell expresses.
The structure provided by Butterwick and colleagues [4] is a great step forward in the field. After the first insect odorant receptors were identified 20 years ago, it took seven years for an odorant receptor to be drawn in a two-dimensional representation with correct transmembrane topology [5, 6] . Now, after another 12 years, the first three-dimensional representation is at last available and many directions for future work can be envisioned.
One hopes that the current structure will provide precedent for the direct determination of structures of Orcoodorant receptor complexes. It will be interesting to see them in both open and closed states, bound to various ligands and unbound. Analysis of odorant receptor structure and function may benefit from advanced computational techniques, such as protein-ligand docking software, and from an immense and rapidly growing database that now contains on the order of 10,000 sequenced odorant receptor genes from a great bestiary of diverse insects. Especially interesting is the prospect of correlating structure with odorant response profiles, which have been defined for many odorant receptors, including those of Drosophila melanogaster [13] and the malaria mosquito Anopheles gambiae [14, 15] .
Many intriguing questions await analysis at the structural level. First, different olfactory sensory neurons have different levels of spontaneous firing, which has implications for their roles in encoding olfactory information. The spontaneous firing rate is conferred by the odorant receptor that the neuron expresses [16] . What, then, characterizes the structure of odorant receptors that confer high spontaneous firing rates? Some odorant receptors are narrowly tuned, responding strongly to only one tested odorant, whereas others are broadly tuned, responding strongly to many [13] . Or56a of Drosophila, for example, is exquisitely tuned to geosmin, which is produced by certain microbes and is lethal to flies [17] . Does geosmin fit snugly into the pocket created by the splaying out of S1-S6 at the extracellular face of Or56a?
Some odorant receptors show both excitatory and inhibitory responses [16] . For example, an olfactory sensory neuron expressing Or59b increases its firing rate upon stimulation with ethyl acetate but decreases firing when exposed to linalool. Butterwick and colleagues [4] suggest that odorant receptors may contain multiple binding sites. Do ethyl acetate and linalool bind to different sites in Or59b, or do they bind to the same site but trigger different conformational changes? Different odorants activate receptors with different dynamics [18] . The dynamics depend on both the odorant and the receptor. For example, two odorants may elicit comparable initial firing frequencies from an olfactory sensory neuron expressing an odorant receptor, but the response to one odorant terminates abruptly while the response to the other is dramatically 'supersustained'. How do the two odorants interact with the receptor?
Odorant receptors and Orco form a lineage within an insect chemoreceptor gene superfamily that includes Gustatory receptor genes. Gustatory receptors are expressed in taste neurons, where many respond to tastants [19] . Less is known about the topology and signaling of Gustatory receptors than odorant receptors, but the new structure of Orco may provide precedent for the eventual determination of a Gr structure. Structural analysis of insect chemoreceptors may in the long term lead to practical benefits for humankind. For example, insect vectors of disease use odorant receptors to detect their human hosts [20] . Knowing the structure of the receptors that mediate this process may aid in the rational design of compounds that interfere with their signaling and reduce the transmission of disease. In summary, the structure provided by Butterwick and colleagues [4] brings a large and fascinating family of receptors into sharp focus. It also provides an excellent point of departure for many journeys ahead.
New gene editing technologies are enabling exploration of previously intractable features of genetic risk for drug addiction. A recent study using this technology reveals new insights into how a mutation linked to tobacco dependence influences the addictive properties of nicotine.
Cigarette smoking is one the leading preventable causes of diseases worldwide [1, 2] . The development and persistence of cigarette smoking is believed to stem from the actions of nicotine [3] , which can potently modulate brain activity by acting at neuronal nicotinic acetylcholine receptors (nAChRs). These nAChRs are distributed throughout the brain, including neural circuits known to control the rewarding properties of nicotine and other drugs of abuse [4] . Just over 10 years ago, a single nucleotide polymorphism (SNP) in the CHRNA5 gene (rs16969968), which encodes the a5 nAChR subunit (termed a5* nAChRs), was identified as a major risk factor for nicotine dependence [5, 6] , and many of the health problems associated with the tobacco habit [7] ; a surprising result given the small fraction of the total number of nAChRs in the brain that contain the a5 subunit.
The a5* rs16969968 SNP is thought to reduce the function of the nAChRs that incorporate the mutant subunit [8, 9] . Studies investigating how this loss of function may influence brain responses to nicotine have given key insights into the mechanisms of nicotine dependence. Specifically, transgenic mice engineered to completely lack expression of a5 nAChR subunits (Chrna5 -/mice) are less sensitive to aversive qualities of nicotine that normally limit intake [10] . This 'brake' on nicotine consumption is relayed by neural connections between the medial habenula and the interpeduncular nucleus, which are enriched in a5* nAChRs. Heavy smoking in carriers of the rs16969968 SNP may therefore reflect diminished capacity of a5* nAChRs to stimulate the medial habenulainterpeduncular nucleus pathway and thereby curb nicotine consumption [10, 11] .
An important caveat to these previous findings is that the Chrna5 -/mice used in these studies completely lack a5 nAChRs, which contrasts with humans who carry the rs16969968 (or other) SNP and express a5* nAChRs with altered function. Hence, it is possible that complete genetic ablation of a5 subunits in Chrna5 -/mice has different outcomes than mutations that more subtly alter a5* nAChRs function. Consequently, animal models that more faithfully capture the influence of the rs16969968 risk allele in the brains of smokers are needed. As they report in this issue of Current Biology, Forget et al. [12] capitalized on precision gene editing technologies to generate a transgenic rat that expresses the rs16969968 SNP in the Chrna5 gene and show that this manipulation markedly alters addiction-relevant actions of nicotine in the mutant animals ( Figure 1) .
First, Forget et al. [12] used zincfinger nucleases to introduce the rs16969968 SNP into the Chrna5 gene of rats. Using this gene editing approach, they observed little evidence of 'off-target' genetic effects, suggesting that the modification was efficacious and accurate. For comparison, they used the same approach to completely ablate the Chrna5 gene in rats, similar to the Chrna5 -/mice described above. As expected, a5 subunits were undetectable in the brains of the rats in which the Chrna5 gene was entirely ablated, although the total amounts of nAChRs detected across multiple brain
